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PREFACE

Lt

The contents of these Proceedings are papers contributed
to the Symposium. +lost of the papers are presented at the Sym-
posium, while some are included only in the Proceedings. It is
intended that these volumes will provide a broad current view
of university research in basic and applied noise problems re-
lated to transportation that is being carried out under the sup-
port of the various Federal Agencies.

The contents of the volumes aie arranged according to the
subject topic as they appear in the program of presentations at
the Symposium. For convenience, a complete author index is
provided at the end in each of the volumes.

Our appreciation is extended to Ms. Anne Gregory for her
patience and diligence in the prenaration of these volumes.

Gordon Banerian William F. Reiter

North Carolina State University
Raleigh, North Carolina
June, 1974
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SUPPRESSION OF REFRACTION IN JET NOISE

T. Kelsalll

Institute for Aerospace Studies,University
of Toronto,Toronto,Canada.

ABSTRACT

The use of a Jet of very cold gas to eschieve refraction-fre« Jet
no‘se profiles is discussed and preliminary results given. They confirm the
theoretical expectation that cancellation of refraction-elimination of the
refraction 'valley' in the directivity-can te nbtained by opposing temperature
and velocity zradients (e.g., when T = =35°C, V = 0.07k c¢_ at the Jet nczzle).

lthough refraction is suppressed, effects of convection (small at this low
Mach number) remain. This serves as a counter-example tc the notion that

convection and refraction are two inseparable aspects of the same physical
process,

1 . . . - -
Research Fellcw. Institute for Aercspace Studies, U. of 7. Torcnto,Cenads,
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INTRODUCTION

The directivity of the noise from u jet can be simply expldained in
terms of the three processes demonstrated in figure 1 (following reference 1).
The basic directivity of the Jet is quasi-elliptical (figure la) but the sound
profiles are tulged downstream by convection (figure 1b). Outward refraction
due to velocity and temperature gradients causes the heart-shaped pattern
characteristic of jets (figure 1lc). The first two effects can be conveniently
handled analyticelly, but the powerful third effect on the directivity;
narely, refracticn, cannot be so easily treated. This has prompted a new ex-
perimental approach which eliminates the refraction effect in selected circum-
stances.

To achieve refraction cancellaticn, a jet of air is used, cooled
with liquid nitrogen, in which the temperature gradient opposes the velocity
gradient in such a way that the inward refraction caused bty the former
effectively cancels the outward refraction imposed by the latter. The experi-
mental set-up is similar to that of Grandez, except that the air was pre-cooled
by bubbling it through liquid nitrogen befcre it entered the Jet. Narrow band
(1/3 ootave) Jet noise preofiles, and sound level profiles frcm a pure tone point
source were obtained,

Representative resulcs are shown in Fig, 2. All resuits sre the
average cf two measurements, onc on each side of the let axis, plotted irn polar
cocrdinates with 2 scale of 5 di'inch, and normalized :c zerc st = 259 Tne
botteom curve shows the directivity of s normal room temperature Jjet, dominated
by the outward bendirg from velocity gradient refraction, with its characteristic
valley on the axis. The upper curve shows the directivity of a very ncld Jet
(-?OCC). whose pattern is dominated by the irward bending ¢f the temperature
gradient refracticn, which ~iuses an Iincrease in intensity along the ‘et anis.

The middle curve shows nc °© _nounced refractive peak cr velley st the axis and
corresponds to the poin® ..ere the refraction effects due tc velocity ard tempera-
ture gradients cancel - .a other, Figure 3 shows two sets of meesurements for

the non-refractive ce |, doth these from the point source and those from the fJet
noise itself (within a 1/3 octave band) at 10,000 Kz, The error associeted with
these graphs is appreximately + 1 db, The Jet was in all cases cperating =t

2L.6 + L m/sec. (M= ,08), and refracticn cancellation required a tempera-ure

of =35 ¢ 5°C. Room temperature was 28 C. These measurerments were takern a°®
10,000 Hz, but similar work at 4,000 Hz, shows tha: the temperature for 2ancella-
tior. has little frequency dererderce,.

These preliminary restu.ts have indicated that refracticn cancella-
2ioa in a cold Jet {s feasible. This wecrk is ncw being externded toc higher le:
velceities and correspondingly lower terperatures, and it Is hoped that s 3direct
comparison with theory, as vell as a greater unders:anding of <he refracticn
process in a Jet, will be forthcoming.
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. TREMELY COLD JET
POLAR COORDINATES ) (INWARD REFRACTION)

{5 decibels/inch)

_—REFRACTION-FREE COLD JET

o \ROOM TEMPERATURE JET
+ <=70C. (OUTWARD REFRACTION)
0
x -35 CQ
[+]
O +28 00 T

FIG. 2JET NOISE DIRECTIONAL PATTERNS

Refraction has been completely suppressed in the middle case by btalancing
invard temperature-gradient refraction-against outward velocity-gradient
refraction,

POLAR COORDINATES + + ggggi"gg Ugg:&:-from
(5 decibels/inch)

X NARROW BAUD JET NOISE
(1/3 Octave)

/////,' | T=50 C. ~\\\\\

U =25m, /sec, ¢
J

£210,000 Hz.

FIG.3 REFRACTION-FREE COLD JET

Match of directional patterns at small angles for injlected pure-tone
point source and narrov band filtered jJet noise, Buth showv absence of
refractive dip or peak centred on jet axis.
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TURBULENT VELOCITY FIELD STRUCTURE IN A ROUND JET
AND ITS RELATION TO FLUCTUATING PRESSURE FIELDS

by

D. P. Weber and B. G. Jonec

Nuclear Engineering Prcgram and Mechanical Engineering Jepartment
University of Illinois at Urbanz-Champaign, Urbana, Illinois 61801

In the classic works of Lighthilll»>2 on aerodynamic noise and

] turbulence as a noise producing phencmena, it was demonstrated that a fourth
order velocity space-time correlation function plays the role of a
quadrupole source in the classic wave equation. Kraichnan3 has shown,

; by means of the general solution to the poisson equation, that the same

g3 type of term can be considered as the source of static pressure fluctuations
. in an incompressible flow. This term can be written as

Tim(},},t,x) = <y (,t) WG wG,8) v (.80 (1)

' where Uj(x,t) is the ith component of the turbulent velocity at spatial
position x and time t, and the symbols < > indicate an ensemble average.

; In order to develop analytical solutions for either the incompres-
i sible or compressible fluctuating pressure field, we must determine the

! structure of this fourth order tensor, containing 81 terms. The difficulty
] in examining experimentally so many terms with so many independent variables, ‘
* and the lack of an adequate theory of turbulence, has prompted various 1

assumptions to be made in an attempt to reduce this term to a smull number
of components which can possibly be experimentally determined.

e s S RS

The first of these assumptions is that the region over which the
source term in (1) makes a contribution is relatively homogeneous and
stationary. This allows us to write the two-point, two-time correlation
function as being dependent only upon the spatial and temporal differences
in their arguments. In the incompressible case, this leads to a closed
form analytical solution for the pressure covariance with a modified Green's
function for the bi-harmonic operator.3 In the compressible case, the
assumption is not so critical, but leads to considerable simplification in
consideration of the third assumption below.

s

A e e . W

The second assumption deals with the fluctuating velocity field con-
] sidered as a stochastic process. In particular, we are concerned with four
! random variables and the source term is a fourth order moment of the muiti-
variate probability distribution. As difficult as it would be to determine 3
these moments, it is much more difficult to determine the probability density 4
function. Consequently, another hypothesis is introduced in which it is 3
i supposed that, from a rough usé of the Central Limit Theorem, this velocity
=3 has an approximately normal, or Gaussian, probability distribution. This
implies that all moments of the multi-variate distribution function can be
’ written in terms of the second inoments. Thus, we could write

St e il B g skt
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<ui (X,t) uj (X,t) uk(Yns) ug(y;5)> = <ui(x9t) uj (X,t)><uk(y,5) ul()’.SP
* <y (Lt o Ga8)><u (1) uy(7,5)>
© g (,8) U, (7,802 (x,t) 4 (,5)> 2)

Combining the first two assumptions, we have reduced the program to
the determination of a second order tensor function of three spatial variables
and one time variable.

The final assumption deals with the tensor structure itself. Robertson“
has developed the invariant theory for isotrobic tensors in turbulence, in
which a single scalar function of a single spatial variable and a temporal
variable w111 completely define the turbulent veloc1ty covariance structure.
Proudman> has used these forms to determine the noise from decaying iso-
tropic turbulence. From Jones® measurements, it does not appear to be true
that the turbulent structure in a jet fits the isotropic form and new
structures are being investigated. Batchelor’ and Chandrasekhar® have de-
veloped the invariant theory for axisymmetric tensor forms and Goldstein
and Rosenbaum® have used these forms to predict noise patterns in round cold
jets. With these tensor forms, it is only necessary to determine two scalar
functions of two spatial variables and a temporal variable. It should be
pointed out that the connection of this last assumption with the first as-
sumption is that turbulent tensor invariant theory implies an assumption on
homogeneity, in order that quantities of interest may remain invariant under
reflection through points or planes.

An experimental examination of the turbulent velocity field structure
in a 2.5 inch sub-sonic cold jet was performed. Primary emphasis was given
to the description of the structure within the driven shear layer to five
diameters downstream. Both single point and two-point corvelation measure-
ments were made with a special emphasis on the modeling of thc two-point
covariance function with axisymmetric tensor forms. A higher order stochastic
analysis of the velocity field was performed using an extended version of
the single variate gram-charlier expansion of the probability density function.
Finally, a qualitative examination of the stochastic structure of the velocity
field was performed using the Wiener-Hermite Expansion Theory for turbulence
in an extended version to include the effect of mean velocity gradients.

The investigation was performed to provide fundamental information about
the structure of the turbulent velocity field to be used in the prediction
of aerodynamic noise in the Lighthill Formulation with an axisymmetric,
joint-normal velocity covariance structure. The information provided, how-
ever, will serve an additional purpose. Ribner!" has proposed a dilatation
model of aerodynamic noise whose exploitation has not been made due to the
difficulty in the experimental measurement of fluctuating pressure fields.

The primary difficulty is the contamination of the sensor response with trans-
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verse velocity effects. Spencer and Jones!! designed a bleed type pressure
transducer and with a modification introduced by Planchon!?, it is believed
that the spurious velocity effects have been significantly reduced. In
order to verify this, an analysis of the pressure covariance in incompres-
sible flow following Kraichnan3 may be made. Similar to the compressible
flow case, the velocity field covariance structure permits an analytic pre-
diction of the true pressure field permitting a comparison with the measure-
ments. If such a verification can be made, the dilatation model, being a
scalar formulation, would be much simpler to implement at least for low
mach number flows.

Measurements of both the mean velocity and Reynolds stress components
were made and it was found that the mean velocity field exhibited a similarity
development in the driven shear layer to five diameters downstream. That is,
plots of mean velocity versus a similarity coordinate given by (r-R)/x were
seen to collapse, where r is the radial position of the probe, x is the axial
position, and R is the jet radius. Since turbulence production is related
to the mean velocity gradient, we might imagine that the turbulent inten-
sities would also develop similarity profiles. This was not found to be
true to the extent exhibited by the mean velocity profiles, implying that
the diffusion and viscous effects must be considered as well as proauction
in the turbulent momentum transport. For application purposes, however,
it was found that if the RMS velocity fluctuations were normalized with
their maximum value across the shear layer, they collapsed very well when
plotted ajzainst the similarity coordinate, (r-R)/x. Since this maximum
value tends to lie at the point of maximum mean velocity gradient, the RMS
velocity fluctuations can be easily modeled with a single axial measure-
ment of variation with downstream position, and a single radial traverse
giving the similarity development. These types of measurements were made
for all three velocity components, with similar results. :

The off diagonal elements of the Reynolds stress tensor, the shear
stresses, were also measured. From these experimental results, several
structure parameters, including the ratio of transverse to axial RMS
velocities, a normalized shear stress, and the angle defining the direction
of principal turbulent stress, were formed. In Figures 1 and 2, we have
plotted these parameters, which show remarkable constancy in both the
transverse and axial directions.

In addit:~n to the single-point measurements, space-time correlations,
both auto and cross, were made. The correlation is described by

> > >
<ui(x,t) gj(x+r,t+t)>

(3)

R, . (X,T,t,1) =
A <U12(;,t)><uj2(;+;,t+r)>

A typical plot of the correlation is given in Figure 3, where axial velccity
components with axial spatial separations are given. Such correlations

for both axial and transverse velocity components with axial and transverse
separations without time delay were made, in addition to several space-time
correlations. From the envelope of these latter curves, the integral time
scale of the turbulence in the connected frame was determined. Several

|
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interesting facts were found including the linear trend of this time scale

with the inverse of the mean velocity gradient. Most interesting, though,

was the observed difference in this time scale for the two distinct velocity
components. Since it is the variation of this time scale which accounts for
the true source of noise from turbulence, use of this information will play

a significant role in our noise gredictions, as contrasted with the assumptions
used by Goldstein and Rosenbaum.

As mentioned earlier, the modeling of the velocity covariaince structure
would be considerably simplified if an assumption of local homogeneity could
be employed. This was found to be moderately true and the velocity covariance
was represented in the following manner:

@, () v, G = 2@ w2V R .39 (4)
1 ] 1 ] 1)
> peE > +> >
where Z = 5%1 and r = x-y (5)

The inhomogeneity was factored out with the local RMS velocity fluctuations
and the tensor structure function,gij, was found to be a slo: ly varying
function of the absolute position,z.

From the differences in the RMS velocity values, as well as the existence
of significani hear stress components, it was felt that an isotropic de-
scription of the correlation function, R;i, was inappropriate. The next
more complicated form is the axisymmetric, which has invariance with respect
to rotation about a line, rather than a point as in isotropic forms. When
the mean velocity field has a uniform gradient, this axis of symmetry will
be found to lie in the plane containing this gradient and the mean velocity
and will not necessarily coincide with the axis of symmetry for the mean
velocity profiles.g»13 The axis that defines the rotational symmetry can be
determined from single point x-probe measurements'" and it coincides with
the axes which define the principal stresses, which were defined by the
angle B in Figure 1.

The impc~tance of these considerations lies in the fact that the scalar
functions which determine the covariance structure are functions of the
separation distanc:s along the axis of symmetry and transverse to it. Thus,
if measurements are made in this rotated coordinate system, the modeling
becomes consicerably simplified. Figure 4 contains a s.hematic diagram of
the fixed jet coordinate system and the rotated axisymmetric coordinate
system. Both “he velocities and the separation vectors must be rotated to
this coordinatz system, but in this lies the beauty of the x-probe. The
simple transformations for velocity components are:

u sinB + v cosB

-u cosB + v sin8 (6)

£ <2 €2
"
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Since an x-probe output can be summed and differenced to give appropriate
linear combinations of u and v, once B is determined, the axisymmetric
components can be generated. Even more important for this analysis,
however, is the experimental fact that B remained constant, implying a non-
rotating axisymmetric structure.

The invariance of the forms was checked by comparing RMS levels
and certain spﬁt1a correlations as shown, for example, in Figure 5. The
curve labeled R¥¥(£5)corrected 15 Simply RWW(O 52,6)/ﬁwm(0 0,¢).

The defining scalar functions for axisymmetric forms are related
to measurable correlations by the equations?®

Ny NN 3 1
o Rw(g.,0) = - —
uu 1 °y < 2,
1
¥ 2 2 2 | Q&,0)
Y s 23R fay g 2 vy w2 3 1’
K B.8,,8) = - — s R EoE 163 * & Y,
%tz <u,y I p9ts 3
where G = Eg + Eg and El is the separation distance along the axis of
symmetry.

Several models for Q; and Q, were examined and it was found that four ]
parameters, the spatial 1ntegral scales along and transverse to fthe axis ]
of symmetry for both axisymmetric velocity components, adequately model the
entire velocity covariance structure. A matrix equation was alsc developed
wkich relates commonly measured scales in the fixed jet coordinate system
to these four defining parameters.!" Since a simple inversion of equation
(6) will give jet coordinate system velocities in terms of axisymmetric
velocities, a general representation of these forms for integration purposes
in the aerodynamic noise problem can be made.

Although we have adequately modeled the vclocity covariance structure,
we sho'ila recall that in calculating pressure fields from a velocity fielcd
structure, the source term is actually a fourth order woment of the multi-
variate distribution function. If the velocity field is broken into a
mean component and a fluctuating commonent, the source term can be written
in terms of the so-called turbulent-mean shear term and the turbulent-turbulent
term. The first of these involves a second order covariance, the modeling
of which we have just considered. The latter involves the fourth order
moment which, under the joint normal hypothesis, can be reduced to products
of second order covariances and modeled as before.

If the joint normal hypothesis is not true, the complexity of the
fourth order moment precludes any hope of experimental measurement. Its
utilization becomes an analytical necessity and a quantitative measure of

11
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its inadequacy becomes desirable. In an extension of our higher order
moment tv~voral velocity covariances,l> we have examined the convected
fraiwe higher order moments.

We recall that if a set of random variables is normally distributed,
relatively few parameters are necessary to completely define the multi-variate
probability density function. These include the means, the mean squares
and the correlations defined by

<xXy> = ff(x,y) xy dxdy (9)

vhere x and y are two random variables and f is their joint distribution
function. When the random variables are stochastic processes such as 2
turbulent velocity field, these defining parameters become functions of

the space-time differences in measurements. For our velocity field measure-
ments, with zero means, the correlation that would define the density
function for normally distributed random variables is:

u(X,t) u(x+r,t+1)>
5 (10)

g -

Rl (r,1) =

where 02 = <u2(;,t)> = <u2(;+;,t+r)> (11)

where we have restricted ourselves to the u-component of the fluctuating
velocity field and consider only homogeneous, stationary fields. If the
normal distribution holds, all higher order moments, defined by

-+ -+ >
<um(x,t) un(x+r,t+r)>

m,n > _
RV (T, 1) = s (12)
g
can be written in terms of Rl’l. A particular example considered here is
2
R =1 Z[Rl’l] (13)

Frenkiel and Klebanoff!® have shown such relations to be quite woll
satisfied in grid generated isotcopic turbulence. Our measurements, howc 'er,
were conducted in a two stream mixing layer where the effect of the mean
velocity gradient was significant. An example of the results is shown in
Figures 6 and 7. In Figure 6 we have plotted the space-time correlation &
function and determined the converted frame covariance which was then used
in equation (13) to predict a higher order moving frame correlation, the
curve labeled Gaussian in Figure 7. The consistent discrepancy shows the

’ 12 )
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limitations of the joint normal hypothesis by the turbulent-turbulent term,
it is clear that some account must be given to this error introduced by the
joint ncrmal hypothesis.

An examination of the 2quations of motion using the Wiener-Hermite ex-
pansion technique has clearly indicated the source of the difficulty for the
joint normal hypothesis.I“ The turbulent source function, consisting of
the interaction of the mean velocity field with the turbulent shear stress,
has clearly provided a mechanism for the direct creation cf non-Gaussian
turbulent energy. An examination of the flatness factor meastcements in
shear flow has also demonstrated the ii:applicability of assuming a near to
normal turbulent field, a requirement for validity of the joint normal
nypothesis.

CONTINUING AND FUTURE RESEARCH

Having determined the relevant structural parameters to describe
the homogeneous correlation structure with axisymmetric forms and adequately
modeled the gross inhomogeneity through the mean square velocity fluctuations,
we are now in a position to predict the incompressibi= and compressible
flow pressure fluctuations. For the far field sound prediction, we will be
using the four parameter model to perform the ''Slice of Jet" integration17
to compare with observed directionality patterns. Using the observed axial
variation of the appropriate scales and the similarity development of the
intensity profiles, we will then be able to predict total sound power
output by integrating the source over the jet. Scaling arguments for these
parameters will be developed so that comparison with large facility far field
sound patterns can be made. Far field sound levels were not made on the 2.5
inch facility. Goldstein and Rosembaum® have indicated that the turbulent-
turbulent term may dominate the calculations and observed deviation from
normality will be incorporated quantitatively in these latter calculaticns

In pursuit of the pressure model and verification, an analytical
effort is being made to reduce the incompressible, homogeneous mean square
pressure field to a simple relation using the two axisymmetric defining
scalars, similar in formulation to that of Batchelor!® for isotropic forms.
Using the jet measurements for evaluation of these functions, calculations
will be made and comparison made with the measurements of Planchon.!?

Future work will include a study of the effects on the field defining
parameter by perturbations in temperature and in velocity of the jet exit.
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A STUDY OF THE LOCAL PRESSURE FIELD IN TURBULENT

SHEAR FLOW AND ITS RELATION TO AERODYNAMIC NOISE GENERATION - H i
A STUDY OF THE MIXING REGION OF A ROUND JET . :
BY

H. P. Planchon, Jr. and B. G. Jones

Nuglear Engineering Program and Mechanical Engineering Depa<cment
University of Illinois at Urbana-Champaign, Urbana, I1):nois 61801

INTRODUCTION

Ten years ago Ribner (1964) explained turbulent noise generation as a i
consequence of fluid inertial dilatations. His theory explicitly expressed |
the far field pressure in terms of the in-flow pressure space-time correla-
tions. Until recently, direct applications of this theory were hampered by
lack of adequate inflow pressure instrumentation. Plancho. and Jones (1973)
described a miniature transducer capable of measuring pressure correlations
in a turbulent jet. Further, they outlined the thec:y and methods of a :
research program to measure the inflow pressure functions and directly relate
them, with Ribner's theory, to far field sound distributions. |

o

Planchon's thesis dissertation (1974) reported extensive measurements
of pressure in the mixing region of a round jet. Su Jortive velocity -
field measurements and analysis to link in-flow velocity and pressure were
also presented. The purpose of this paper is to summarize the portions of
! that investigation which are most important in describing aerodynamic noise
generation. | A

EXPERIMENT DESCRIPTION

The turbulent region studied was provided by a 2-1/2 in. diameter,
isothermal, incompressible, round jet. Extensive velocity field measure-
ments demonstrated that the jet mixing lzyer was 'experimentally classic',
that is, the results approached self similarity and compared closely with
the jets described by Davies et. al. (1963), Lawrence (1965), and others. p
As shown in Fig. 1, the coordinates used are (x,y,z) in which z is an arc
length. Directions along these coordinates are referred to as the axial,
transverse and lateral directions, respectively. Pressure intensity was 1
mapped throughout the mixing layer with single point measurements. Two !
point correlation measurements were made at several axial positions along

the mixing centerline, i;%— = 0.0, and at several transverse posiFions at

X/D a4, o |

PRESSURE INTENSITY RESULTS

The measured distributions of pressure intensity are shown in Fig. 2 |
and Fig. 3. These distributions are similar in shape; however, the peak
values are observed to increase in the developing mixing region and to de-
cay in the transition region. The peak intensity variation was explained
by Planchon (1974) with a modified form of Kraichnan's (1956) theory and
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extensive velocity field measurements. The results showed that the turbulent
mean shear pressure was given by

p'i'M - 2@ [li(_ggl)_ (x_xo) i][i] /J(s)zgs [ l"v ] (1)

L 2 u. =
E'DUj J *%o
3(U/u.)
where p' is the root mean square pressure, —37—— (x-x_) is a dimensionless

mean velocity gradient, v'/U, is a dimensionless root mdan square velocity
normai to the mean flow, andJJ(s) is Kraichnan's turbulent scale ani-
sotropy function which is essentially constant. The s is the ratio of trans-
verse velocity integral length scales in the flow and mean velocity gradient
directions. Fig. 4 shows the variations in Eq. 1 compared to measured pres-
sure intensities on the mixing centerline. The increase of p' in the driven
mixing region (x/D<4) is a result of increasing v'. In the transition region
(4<x/D<10), the decrease is due primarily to the decrease of the gradient and
scale factors. The predicted value of intensity was 17% higher than measured
at x/D=4. This is probably due to a theorctical assumption of slowly varying
mean velocity gradient and turbulent intensity.

SPACE TIME CORRELATION RESULTS
Pressure two point correlations describe the spatial extent, shape, and
time evolution of coherent pressure volumes. They form the foundation for a

model which can be utilized in Ribne.‘s (1964) theory.

The general pressure space time correlation is defined as

) = g(X,r,z) p(x+Ax, T+Ar, z+Az,T) 2)
]1/2

R__(x,r,z,Ax,Ar,Az, T
PP

ipz(x,r,z) pz(x+Ax, T+Ar, z+AZ)

For conciseness, position arguments (x,r,z) and spatial and temporal separation
arguments (Ax,Ar,Az,1) for zero separations are suppressed. The space cor-
relations for zero time delay are denoted as R__(Ax), R_ (4y), and R__(Az).

The convected frame, following Wills (1964{, i8Pthat fraRe for whichPPhe time
scale is largest and its autocorrelation R’ , is identified as the envelope

of the measured family R (Ax,t). The assBBiated convection velocity, Up, is
determined as the limitiR§ quotient of the envelope's (Ax,t) coordinates.

The space correlations for lateral and radial separations are shown in
Fig. 5 and Fig. 6, respectively. The measurements were made with a fixed
sensor at the mixing center and the second sensor at varying separations.
Both correlations are exponential at small to moderate separations, viz:

p
Rpp (Az) exp(-z/Lz) (3)

1P
Rpp (az) exp(-z/ur) (4)




W'"r'-"-wr'? At R e bt g i TR T ——— et i I

o

where LP and LP are the spatial lengths associated with the decay of correla-
tion in“the laferal and transverse directions, respectively. The size of the
exponential region increases with axial position and corresponds to the trans- '
verse velocity scale length and the region of appreciable mean velocity gradient. !

At larger separations, the azimuthal and radial correlations vary according i
to an inverse power law, viz: 3

Rpp (8z) = 1/(az)™ (5) 3
Rop (47) = 1/ (ar)" (6)

] Fgr the larger radial separations the movable sensor is outside the highly
1 §ue§red turbulent flow. It is therefore clear that the power law is character- |
istic of correlation between centerline pressure and the coupled near field. ~

o

The axial space correlations shown in Fig. 7 are characterized as a damped
periodic function

2
Ryp (4%) = exp(-8x/1D) cos (XETé§§;T) )

Two length scales are evident in the results and, with the aid of Eq. 7, are
identified as a wavelength of periodicity, A = A (x-x_), and a damping length, ?
1. The wavelength increases linearly with axiaf pos?tion so the wavelength
sCale constant, X ,is 0.3 throughout the mixing layer. Although not shown, ~
. !¢ - . 1
the one dimensional spectra of both pressure and transverse fluctuating velocity, $ Q
measurad with 4 single pressure or velocity sensor, exhibit this same periodicity 4
and scaling. The damping of the axial correlation described by LP varies only
with separation and is not a function of position. X

A representative space-time correlation is shown in Fig. 8. This family i
of curves is traditionally described by its envelope's convection velocity ]
and integral time scale. As shown in Fig. 9 and Fig. 10, the convection :
velocity is nearly constant throughout the mixing layer. This constancy
was verified for a range of jet velocities and is consistent with the idea
that pressure is correlated over large transverse volumes.

The variation of the convected frame time scale is shown in Fig. 11 and
Fig. 12. Except for small separations RL (t) was exponential, thus its integral
time scale in the convested frame, Tp, whe inferred from an exponential fit.
Fig. 11 shows neither T} nor transverse velocity convected frame time scale,

TV, vary linearly with daxial position. This contrasts with our measurements f
a¥ well as those of others which show the axial velocity component convected 5
frame time scale, T,, increases linearly with axial positior. Another impor- :
tant feature shown }n Fig. 11 is_that the pressure time scaie is almost twice 1
as large as the velocity scale T{.

CORRELATION SEPARABILITY

For direct use as a source function in Ribner's (1964) theory a model
of the three dimensional space-time correlation was constructed. A simple i
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separability model,

(1) (2) (3)
R (Ax,Ar,Az,7) = R Ax) R Ar) R Az) F(Ax- 7
Ll pp (8% Ry 7 (81) Ro7(82) F(8x-U 1) (7)
. was found to accurately express most of the important features of the data.

Spatial separability as shown in Fig. 13 is almost exact. The cpen circles
are from measurements with simultaneous radial and axial separations along

a line 30 degrees from the flow direction. The solid points result from
combining two independent axial and radial correlations. The sensors in both

cases were offset in the lateral direction by e (= small Az) to avoid probe
interference. z

Considering both space and time separability, Planchon (1974) has she.m
the separability model is a generalization of Taylor's frozen pattern hypothe.is.
That is, the space-time correlations are converted single point autocorrelations
with a decaying amplitude fixed by the convected frame autocorrelation.
Fig. 14 shows, when time separability is included, that the model does no.
account for a dispersive effect that broadens and skews the space-time cor-
relation. However, as is shown, it does properly predict the space-time
peak amplitudes. Further, Fig. 15 shows that the model correctly constructs
the 3-dimensional convected frame autocorrelation from independent measure-
ments in the three orthogonal directions.

CONCLJUSICNS

The radial variation of the measured pressure intens.ties were found to
be similar in shape, but to vary in amplitude with down streum position. This
axial variation is consistent with theory and velocity field measurements.

The pressure correlacion measurements indicate large, slowly varying, cor-
related regions of pressure that are uniformly convected down stream. Thesc
correlations are shown to be spatially separable. However, space-time separa-
bility was determined not to be cxact but a useful model.
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